Most retinal ganglion cells respond only transiently, for ϳ150 msec at the onset and termination of a light flash. The responses are transient because it has been shown that bipolarto-ganglion cell transmission is truncated after 150 msec by a feedback inhibition to bipolar cell terminals. The feedback inhibition itself must be delayed by ϳ150 msec to allow the initial bipolar-ganglion cell transmission. This study identifies a threecomponent serial synaptic pathway from glycinergic amacrine cells to GABAergic amacrine cells to bipolar cell terminals as one source of this delay. We used perforated and whole-cell patch-clamp recordings to measure the timing of light responses in amacrine, bipolar, and ganglion cells under control and glycine and GABA receptor-blocked conditions. Our results suggest that, after a light flash, a population of glycinergic amacrine cells responds first, inhibiting a population of GABAergic amacrine cells for ϳ150 msec. The GABAergic amacrine cells feed back to bipolar terminals, but only after the 150 msec delay, allowing the bipolar terminals to excite ganglion cells for the first 150 msec. Blocking the glycinergic amacrine cell activity with strychnine allows the GABAergic system to become active earlier. GABAergic amacrine cells then inhibit release from bipolar cells earlier. Under these conditions, the ganglion cell response to change would be decreased.
A majority of retinal ganglion cells in the salamander retina respond transiently, generating a brief burst of activity at the onset and termination of a light flash. Previous studies suggested that this transient response was mediated by a feedback inhibition from amacrine cells, truncating release from bipolar cell terminals (Dowling and Werblin, 1969; Burkhardt, 1972; Toyoda and Fujimoto, 1984; Tachibana and Kaneko, 1987; Werblin et al., 1988) . Recently, Dong and Werblin (1997) identified a locally driven GABA C synapse at bipolar cell terminals that may underlie these transient responses. When this feedback synapse is blocked by picrotoxin, ganglion cell responses become much more sustained. To mediate transient activity, the inhibitory feedback must be delayed so that bipolar cells can transmit an initial brief burst of excitation to ganglion cells before being inhibited. This study identifies a mechanism mediating this delay in the feedback pathway.
It is well established from analysis of anatomical measurements that amacrine cells form both serial and reciprocal synapses throughout the inner plexiform layer in a variety of vertebrates (Dowling and Boycott, 1966; Dowling and Werblin, 1969; Boycott and Wassle, 1974; Wong-Riley, 1974; Vallerga, 1981) . Except for the well-studied role of the AII amacrine cell in mammals (Vaney, 1985; Wassle et al., 1991 Wassle et al., , 1995 Strettoi et al., 1992; Mills and Massey, 1995; Smith and Vardi, 1995; Vardi and Smith, 1996) , little is known about the f unctional role of these complex synaptic pathways. Recently, Z hang et al. (1997) , recording from ganglion cells in salamander, inferred that serial interactions between glycinergic and GABAergic amacrine cells could mediate disinhibition and alter the timing of ganglion cell activity. Our study specifically identifies the response waveforms of each of the amacrine cell types and shows how the required delay is mediated by amacrine cell interactions.
Previous studies in salamander have identified two main amacrine cell classes, a narrow-field cell with a lateral spread of processes of ϳ150 m that contains GABA and a wide-field cell with a lateral spread up to 500 m that contains glycine. Both cell types appear to have both glycine and GABA receptors. Both cell types make synaptic contact with other amacrine cells, but only GABAergic cells make feedback synaptic contact to bipolar cell terminals Werblin et al., 1988; Maguire et al., 1989; Yang et al., 1991; Lukasiewicz and Werblin, 1994; Dong and Werblin, 1997) . Both cell types also feed forward to ganglion cells, and it has been shown that the lateral extent of both glycine and GABA inhibition matches the spread of the processes for the amacrine cell types that contain these transmitters (Lukasiewicz and Werblin, 1990) .
We show here that the wide-field amacrine cells respond first, inhibiting the narrow-field amacrine cells. The narrow-field amacrine cells respond only after a delay and make delayed inhibitory synaptic contact with bipolar cell terminals, generating a delayed feedback inhibition. This allows bipolar cells to excite ganglion cells briefly before being inhibited by the delayed feedback.
MATERIALS AND METHODS
Preparation. E xperiments were performed on larval tiger salamander slices described by Werblin (1978) .
W hole-cell patch-clamp recording. Whole-cell patch-clamp recordings (Hamill et al., 1981) were performed on amacrine cells as described by Barnes and Werblin (1986) . Patch pipettes were pulled from borosilicate glass tubes (TW120F-4; World Precision Instruments, Sarasota, FL) on a Flaming-Brown micropipette puller (P-87; Sutter Instruments, Novato, CA). The pipette resistance was 5-10 M⍀ in the control bath solution.
The voltage-and current-clamp recordings were performed with an Axopatch 200B patch-clamp amplifier (Axon Instruments, Foster C ity, CA). The signal was filtered at 1 kHz and digitized at 1 kHz (voltageclamp mode) or 3 kHz (current-clamp mode) by a 100 kHz Lab Master DM A board (Scientific Solutions, Solon, OH) in a personal computer. The recording software Patchit was developed by George Grant (Grant and Werblin, 1994) in our laboratory. The recorded data were analyzed in Mathematica 3.0 (Wolfram Research, Champaign, IL) and Origin 3.5 (MicroC al Software, Northampton, M A). The junction potential was measured to be Ϫ12 mV and is corrected by a constant offset during the experiment.
Perforated patch-clamp recording. Nystatin-perforated patch (Horn and Marty, 1988) was used to eliminate the rundown of light response in ON bipolar cells and to keep intact the state of GABA and glycine receptors in both bipolar and amacrine cells. Briefly, a stock solution of 50 mg /ml nystatin (in DMSO) was diluted to a final concentration of 300 g /ml in the intracellular solution. The tip of the pipette was filled with nystatinfree solution, and the pipette was backfilled with the nystatin-containing electrode solution. After obtaining a gigaohm seal, a capacitive transient appeared within 5 min and increased to its final, stable magnitude within 20 min. All the bipolar cells and ϳ80% of the amacrine cells were measured by this method.
Bath solution. The control bath solution contained (in mM): 108 NaC l, 2.5 KC l, 2 C aC l 2 , 1 MgC l 2 , 5 H EPES, and 10 glucose. The pH was adjusted to 7.8 with NaOH. The blockers were added to the control solution. The concentrations of the blockers were 10 M strychnine, 100 M bicuculline, and 100 M picrotoxin. All drugs were purchased from Sigma (St. L ouis, MO) unless otherwise indicated.
The solutions were changed by a gravity-driven perf usion setup with a 3-4 ml /min flow rate at room temperature.
Electrode solution. The composition of the patch electrode solution (in mM) was the following: 101 Kgluconate, 8.5 KC l, 0.0078 C aC l 2 , 1 MgC l 2 , 0.1 BAP TAK 4 , 10 H EPES, 4 ATPNa 2 , and 0.5 GTPNa 3 . The pH was adjusted to 7.4 with KOH. The calculated E C l was Ϫ60 mV.
Light stimulus. We used a red light-emitting diode set to its maximum intensity to stimulate the retinal slice and sufficient to elicit a maximal response from each cell type studied here.
Cell identification. C ells were identified by their light response and morphology. To reveal morphology, we patched clamped the measured cell after the experiments with another patch electrode containing 1% L ucifer yellow (Aldrich, Milwaukee, W I) attached to a PC 501-A patchclamp amplifier (Warner Instrument, Hamden, C T). C ells were viewed using a Nikon mercury fluorescent epi-illuminator with an X F15 filter set (Omega Optical, Brattleboro, V T).
Classification of amacrine cells as ON-OFF or ON amacrine cells. We classified an amacrine cell as ON -OFF if the cell, voltage clamped to Ϫ60 mV (E C l ), responded to light stimulus with an inward current at both light ON and OFF in the presence of strychnine plus bicuculline plus picrotoxin. It was classified to be ON if it responded only at light ON. Data are presented as mean Ϯ SD. et al. (1991) correlated the pharmacology, physiology, and morphology of amacrine cells in the salamander. They found that there exist two major classes of amacrine cells in the salamander retina. The narrow-field amacrine cells respond with multiple spikes, contain GABA, and have processes that extend ϳ150 m across the inner plexiform layer (I PL). The wide-field cells respond with a single spike at ON and OFF, contain glycine, and have processes that extend up to 500 m across the I PL. These two cell types also interact with each other Z hang et al., 1997) , and the measurements below suggest some of the f unctional consequences of these interactions.
RESULTS

Yang
Narrow-field amacrine cells are inhibited via both glycine and GABA A receptors
Figure 1 A shows the voltage response typical of 13 of 18 narrowfield cells that generated a train of spikes at the onset and one or two spikes at the termination of the light step. The responses of the same cell under voltage clamp are shown in Figure 1 B. The currents reversed at negative potentials near Ϫ50 mV at light ON and OFF (Fig. 1C) , suggesting the presence of strong transient inhibitory components. A sketch of the cell filled with Lucifer yellow after the experiment using a second electrode is shown in Figure 1 D. The processes ramified diff usely in both sublaminae in the IPL, consistent with the ON -OFF behavior of the cell. The spatial extent of this cell, typical of this class, was limited to only 140 m, confirming that this cell belonged to the narrow-field amacrine cell family (Yang et al., 1991) .
We used the light responses when the cell was voltage clamped to 0 mV to isolate the inhibitory currents so that we could measure the dynamics of these responses. Subtracting the response in strychnine from the control response revealed the magnitude and dynamics of glycinergic inhibition to this cell (ON time to peak, 121 Ϯ 36 msec; peak magnitude, 94 Ϯ 34 pA; n ϭ 9; OFF time to peak, 138 Ϯ 82 msec; peak magnitude, 217 Ϯ 140 pA; n ϭ 9). Subtracting the response in the presence of bicuculline from the control response revealed the dynamics of the GABAergic inhibition via GABA A receptors (ON time to peak, 166 Ϯ 79 msec; peak magnitude, 37 Ϯ 44 pA; n ϭ 4; OFF time to peak, 135 Ϯ 50 msec; peak magnitude, 28 Ϯ 35 pA; n ϭ 4). The effect of the transient glycinergic inhibition on the voltage response of a narrow-field amacrine cell is shown in Figure 2 . The transient glycinergic inhibition (Fig. 2 A) seems to cause an early suppression of activity of the narrow-field amacrine cell. The timing of the delay in the onset of spiking (Fig. 2C, dark bar) matched the timing of the glycinergic inhibitory current (Fig. 2 A) . Blocking glycine receptors with strychnine eliminated both the transient inhibitory current (Fig. 2 B) and the delay of spiking (Fig. 2 D) .
The light response under current clamp measured in one of the other five narrow-field amacrine cells studied is shown in Figure  3A . These cells responded with a transient burst of spikes only at light ON that was not sustained throughout the duration of the Figure 3B . The currents were generated only at light ON but otherwise were similar to those measured in the ON-OFF cell shown in Figure 2 ; they reversed at negative potentials, near Ϫ48 mV (Fig. 3C) , and received glycinergic inhibition with a time to peak of 124 Ϯ 17 msec and a peak magnitude of 66 Ϯ 18 pA (n ϭ 3). The GABA A inhibition time to peak was 150 msec with a peak magnitude of 121 pA (n ϭ 1). A sketch of the cell filled, using a second electrode, with L ucifer yellow after the experiment is shown in Figure 3D . The processes are constrained to a lateral spread of Ͻ160 m and ramif y in only sublamina B of the IPL, consistent with its ON behavior.
Activity in wide-field amacrine cells is truncated by GABAergic inhibition
A typical light response of a wide-field amacrine cell under current clamp is shown in Figure 4 A. These cells generate a single spike at light ON and another single spike at light OFF (Werblin, 1977; Barnes and Werblin, 1986; Eliasof et al., 1987) . A sketch of the recorded cell filled with Lucifer yellow is shown in Figure 4 B. The processes of this cell ramify broadly in both sublaminae over a diameter of 400 m, consistent with the spread of processes of the cells from the wide-field class that were found to extend over a diameter of 300 -500 m (Yang et al., 1991) .
In three out of nine wide-field cells studied, no glycinergic inhibition could be measured. After perfusion with strychnine, the inhibitory response remained unchanged or increased slightly (compare Fig. 5A and B) . Figure 5C shows that bath application of bicuculline together with strychnine blocked the inhibitory outward current at 0 mV, suggesting that the primary inhibitory input to these wide-field cells arrives via GABA A receptors. The increased GABAergic inhibition might be caused by the increased activity of GABAergic narrow-field amacrine cells when glyciner- (Yang et al., 1991) . gic inhibition to them was blocked. The remaining inward current is present probably because the membrane was not clamped to precisely the reversal potential for the excitatory inputs.
The GABAergic input to the wide-field glycinergic amacrine cells seems to be responsible for this characteristic single-spike activity. Figure 6 A shows the outward current in the presence of strychnine measured in a wide-field amacrine cell held at 0 mV. Figure 6 B shows that this outward current was eliminated with the addition of bicuculline, thought to block GABA A receptors.
When the GABAergic inhibition was blocked, the normal single-spike response of this cell class (Fig. 6C ) was extended to a train of spikes with decreasing amplitude (Fig. 6 D) . But even in the absence of the glycine-mediated delay (measured in the presence of strychnine), wide-field amacrine cells still generated only a single spike. This suggests that the GABAergic inhibitory signal is inherently delayed with respect to the excitatory input, even in the absence of a glycinergic input (Fig. 6C) .
In six out of nine wide-field amacrine cells tested, we measured glycinergic as well as GABAergic inhibition, but blocking the glycinergic inhibition did not significantly change the form of the voltage response. The glycinergic input was apparently small enough that the cell membrane could still reach threshold to initiate the single-spike response. The blockage of GABA A receptors had effects similar to those measured in other wide-field cells described in Figure 6 . The function of the glycinergic inhibition to these cells is unclear.
GABA C inhibition at ON bipolar cells was increased as glycine and GABA A receptors were blocked
Viewed from the perspective of the bipolar cell terminal, the inhibitory pathway comprises three neurons in a serial synaptic chain. One possible pathway includes wide-field amacrine to narrow-field amacrine to bipolar terminal. When recording from bipolar cells, we encountered measurements that may reflect the serial inhibitory action of this neuronal chain. We found an increase in inhibition at bipolar cells that was brought about by the bath application of inhibitory blockers.
We isolated the inhibitory currents by voltage clamping bipolar cells to 0 mV. Figure 7A shows these inhibitory outward currents at light ON and OFF under control conditions in an ON bipolar cell. The inhibitory currents were augmented in the presence of strychnine in six out of nine cells (Fig. 7B) . The currents were further augmented by perfusion with strychnine plus bicuculline (Fig. 7C) . However, the currents were completely blocked in the presence of strychnine, bicuculline, and picrotoxin (Fig. 7D ). This suggests that the final synapse in this disinhibitory chain lies at the GABA C receptors at the bipolar cell synaptic terminals (Feigenspan et al., 1993; Lukasiewicz and Werblin, 1994; Lukasiewicz et al., 1994; Enz et al., 1996; Lukasiewicz, 1996; Dong and Werblin, 1997) . Possible pathways for these events and their functional consequences are suggested in Discussion. Dong and Werblin (1997) showed that responses in amacrine and ganglion cells were made more sustained in the presence of picrotoxin but not bicuculline and suggested that the feedback synapse from GABAergic amacrine cells to bipolar terminals at GABA C receptors was the site of signal truncation.
Truncation of the bipolar cell response is delayed by a glycinergic signal
Application of strychnine had two effects on cells presynaptic to the ganglion cells. Strychnine decreased the delay in GABAergic amacrine cell activity (Fig. 2 D) and increased the outward currents measured in bipolar cells (Fig. 7C) . When we measured from ganglion cells, the application of strychnine should cause excitation to occur later (because early release is blocked) or to be diminished (because inhibition is increased at bipolar cells). We found evidence of both of these effects in recordings from ganglion cells held at Ϫ60 mV to isolate the excitatory currents. Figure 8 A shows that the excitatory currents in ganglion cells were reduced by ϳ40% in the presence of strychnine. In this cell the timing of the currents was not strongly affected by the strychnine block. Figure 8 B, recorded in another ganglion cell, shows that the current, which normally began at ϳ50 msec, reaching (in this cell) approximately Ϫ50 pA, was delayed by an additional 50 msec in the presence of strychnine and that the magnitude of the current was reduced by ϳ40%. The two cells in Figure 8 are representative of the seven ganglion cells studied. The magnitude of the currents was consistently reduced during the first 150 msec, but the timing of the suppression varied. In some cells, the response was delayed; in others, the response was truncated. We cannot yet explain these differences. 
DISCUSSION
Numerous authors have proposed that transient responses in ganglion cells are mediated by feedback inhibition at bipolar terminals from amacrine cells (Dowling, 1968; Burkhardt, 1972; Toyoda and Fujimoto, 1984; Werblin et al., 1988) . Recently, Dong and Werblin (1997) have identified a local feedback loop between individual bipolar cells and their GABAergic amacrine cell counterparts, acting via GABA C receptors at the bipolar terminal, that may mediate signal truncation contributing to transient activity. For feedback to generate a transient release from bipolar cells, the feedback signal itself must be suppressed during the first 150 msec, allowing an initial transient burst of excitatory activity to reach the ganglion cells. This study addresses the mechanisms underlying this delay.
Timing of the two components of the reciprocal relation
Our measurements suggest that reciprocal inhibition between the two main amacrine cell classes, the narrow-and wide-field cells (Yang et al., 1991) , generates complimentary dynamics in the two cell types. Figure 2 shows that the effect of the early single-spike response activity of the wide-field amacrine cells can be measured in the narrow-field cells as an early outward current lasting ϳ150 msec (Fig. 2 A) . Its association with the glycinergic wide-field amacrine cell is supported by the observation that this current was blocked in strychnine (Fig. 2 B) . This current serves to delay the activity in the narrow-field amacrine cell (Fig. 2C) . When the glycine-elicited current was blocked, the narrow-field cell responded within the initial 150 msec time interval in which it had normally been silent (Fig. 2 D) .
A complimentary scenario exists in the wide-field glycinergic amacrine cells shown in Figure 6 . These cells receive a GABAergic input via GABA A receptors as shown by the blockade of this inhibition with bicuculline in Figure 6 B. The delayed activity of the narrow-field cells seems to truncate spike activity in these cells, because when the GABAergic inhibition is blocked, the cells, which normally generate only a single spike (Fig. 6C) , continue to The strychnine-mediated changes in excitatory currents measured in two ganglion cells. C ells were clamped to Ϫ60 mV to isolate the excitatory currents. A, The currents were reduced by ϳ40% in this cell without any significant effect on the timing of the response. B, In another ganglion cell, the excitatory current was delayed by ϳ50 msec in the presence of strychnine, and the response magnitude was reduced by ϳ40%.
spike throughout the stimulus duration (Fig. 6 D) . The "control" traces of Figure 6 were measured in the presence of strychnine. Figure 2 shows that strychnine removed a significant delay in the GABAergic amacrine cell response. Figure 6 shows that even with this delay removed, the glycinergic amacrine cells still respond with an initial single spike. This comparison suggests that there is an inherent delay in the GABAergic neurons, even without the influence of the glycinergic inhibition shown in Figure 2 .
An important consequence of this interaction is that the activity of the narrow-field GABAergic amacrine cells is actively delayed by an early inhibition from the wide-field amacrine cells (Fig. 2C) . The narrow-field amacrine cells inhibit the bipolar cells, so the delayed inhibition of the narrow-field cells allows an early release from the bipolar terminals. This is manifest as an early excitation in ganglion cells (Fig. 8 A) and may be a crucial component for the generation of a transient response.
Possible mechanisms underlying the timing of reciprocal inhibition in amacrine cells
The relative timing of the activity of the two classes of amacrine cells seems to be dominated at early times by the robust spiking mechanism in the wide-field amacrine cell. Wide-field amacrine cells show a very low threshold for spiking (Werblin, 1977) that is initiated by a strong regenerative sodium current (Eliasof et al., 1987) . Both wide-and narrow-field amacrine cells may be driven by the same population of bipolar cells, but the wide-field cells dominate the reciprocal inhibitory interaction during the first 150 msec because their regenerative current enhances activity at early times after the onset of light. The transition in the direction of inhibition from the wide-field cells inhibiting narrow-field cells at early times (Fig. 2) to the narrow-field amacrine cells inhibiting the wide-field cells at later times (Fig. 6 ) may be attributable to the inherent decay of wide-field amacrine cell activity after ϳ150 msec (Fig. 6 D) .
Possible circuitry for disinhibition at bipolar cells
The results of Figure 7 , showing that the inhibitory input to the bipolar cells is enhanced in the presence of strychnine and bicuculline, suggest the presence of at least two disinhibitory pathways that are expressed in the GABA C -mediated inhibition at bipolar cells. One involves wide-field amacrine cells acting via a glycinergic pathway that is blocked by strychnine (Fig. 7B) . The other involves a class of GABAergic amacrine cells acting via a GABA A pathway (Fig. 7C) . A possible circuitry underlying these findings is outlined in Figure 9 .
A possibility for both wide-field and narrow-field glycinergic amacrine cell types
In their original classifications, Yang et al. (1991) established a broad dichotomy; wide-field amacrine cells were associated with glycine, and narrow-field amacrine cells were associated with GABA. We have relied on this general classification throughout this paper to identify the cell types that serve as sources of different pharmacological inputs. We were unable to distinguish between the cell types providing GABAergic input at GABA C receptors at the bipolar cell terminal and those providing input at the GABA A receptors on narrow-field amacrine cells mediating disinhibition in Figure 7 . In the presence of strychnine, the glycinergic input to the narrow-field amacrine cell is lost ( B). This allows the narrow-field cells to fire sooner ( D), delaying the activity in the ganglion cells ( F ). The dotted line in F was copied from E to show the difference in timing. The dark vertical bars indicate the time interval during which the glycine-mediated delay is present. Yang et al. (1991) found one class of narrow-field cell that contained both GABA and glycine but did not clearly define the time course of its response. This cell type introduces an additional ambiguity in our classifications. It is possible that the source of glycinergic disinhibition arises not only from wide-field cells but also from a separate class of narrow-field glycinergic amacrine cells as tentatively suggested by Yang et al. (1991) .
Explanation for the discrepancy between our results and those of Yang et al. (1991) Yang et al. (1991) classified most of the GABAergic narrow-field amacrine cells as ON cells. But we classified 13 out of 18 narrowfield amacrine cells as ON-OFF. It is possible that Ϫ60 mV, the potential to which these cells were clamped to observe excitatory currents in both studies, was slightly more positive than the actual chloride reversal potential. Under these conditions, the outward inhibitory currents would "mask" the relatively smaller excitatory currents of the OFF response. The excitatory OFF response would be augmented in our measurements in the presence of strychnine plus bicuculline and further augmented by the addition of picrotoxin, but Yang et al. (1991) did not use these blockers and therefore might have missed the excitatory currents at light off.
The effects of reciprocal inhibition and disinhibition on ganglion cells Zhang et al. (1997) , recording from ganglion cells, found that GABAergic inhibition was increased by blocking glycine receptors and that glycinergic inhibition was increased by blocking GABA A receptors in some of these ganglion cells. From their measurements, they suggested serial inhibitory pathways between different pharmacological classes of amacrine cells. They also demonstrated a disinhibitory pathway involving GABA A receptors by showing that the light-evoked excitatory currents in a group of ganglion cells became more transient under the influence of SR95531. In Figure 7 , we show that the magnitude of outward currents measured in bipolar cells increased in strychnine and bicuculline, consistent with the results of Z hang et al. (1997) . The reduction in ganglion cell excitation in the presence of strychnine (Fig. 8) is also consistent with their results.
